We report on an experimental study of macroscopic energy transfer in ZnO bulk crystals. We observe the ultraviolet photoluminescence ͑PL͒ emission from the near band edge ͑3.4 eV at room temperature͒, a green emission band from a deep center transition, and an orange emission band. Unusually, the orange PL is not only visible at the excitation spot and at crystal edges, but we also observe a slow spatial expansion of the light emission in the orange band up to a distance of several millimeters. In contrast to that, the green and ultraviolet emission originate only from the excitation spot or are scattered from the crystal edges. We investigate the temporal dynamics of the orange PL as a function of the distance from the laser spot, by turning on and off the laser excitation. We describe the results with a two-dimensional diffusion model and discuss some possible mechanisms that may cause this energy transfer, such as Förster/Dexter transfer or a thermally induced hopping process. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1882746͔
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ZnO is a II-VI semiconductor with a direct band gap of 3.4 eV at RT. 1 This fact makes it a promising material for blue or near-UV optoelectronics; although reproducible, high p-type doping is still a major problem. 2 Since the excitonic binding energy of 60 meV is large, 3, 4 one may expect excitonic gain processes up to RT. 5 On the other hand, the LO-phonon energy of 72 meV ͑Ref. 6͒ is even larger, allowing ionization of the exciton by absorption of a single LO-phonon. This fact, together with a rather strong exciton-phonon coupling, results in substantial homogeneous broadening and a very broad luminescence band ͑ប max Ϸ 3.31 eV, full width at half-maximumϷ 95 meV͒ at RT. This emission is presently studied by many research groups in ZnO epitaxial layers and nanostructures ͑see Ref. 6 and references therein͒.
Apart from this near-band-edge luminescence, ZnO shows a variety of luminescence bands in the visible range. There are two different green emission bands related to substitutional copper and to oxygen vacancies, [7] [8] [9] [10] [11] [12] [13] yellow emission bands due to deep Li and Na acceptors, 14, 15 an orange band attributed to excess oxygen or to Se, 7 and red and infrared emission bands. 16 The effect reported here has been observed in two different samples. The ZnO sample examined here is of the platelet type with a thickness of 1.2 mm, a width of 4 mm, and a length of 12 mm. They have been grown by a gas transport method. 17 The ZnO sample is placed in a He cryostat to allow control of the sample temperature from 4 K up to RT. A laser beam is focused on the sample with a lens that is mounted directly to the cryostat. This way the laser spot stays at the same place relative to the sample surface if we move the cryostat vertically. This enables us to choose the detection area independently from the excitation area. The laser beam hits the specimen under a 45°angle and the photoluminescence ͑PL͒ that is emitted perpendicularly to the sample surface is collected. With a lens, an intermediate image of the sample is produced at which we place a pinhole to select the detection area. The emitted PL is analyzed with a 0.275 m spectrometer and a CCD camera. This arrangement allows to measure the whole spectrum simultaneously. For the timeresolved measurements, a 0.275 m double monochromator and a photomultiplier are used. The amplified timedependent signal of the photomultiplier is recorded with a data acquisition card and a computer. The time resolution reached is below 1 ms. The images in Fig. 1 are taken with a digital camera with a frame rate of 67 ms.
We excite ZnO samples with a cw HeCd laser ͑ប exc = 3.81 eV͒ and observe various emission bands from 5 K up to RT. Most emission bands like the green or the near band edge ͑Fig. 2͒ remain confined to the excitation spot and are emitted additionally at edges or at surface imperfections of the sample simultaneously with the onset of excitation.
In contrast to that, the orange luminescence, peaking at 1.97 eV, shows a different behavior. At about 77 K, after switching on the laser, a cloud of orange luminescence expands through the ZnO platelet over distances on the order of a few millimeters in times of a few hundred milliseconds. This effect can be observed with the naked eye and is very unusual over such large distances.
18 Figure 1 shows, in the upper row, images of the ZnO sample at different times after the onset of the HeCd laser. Immediately after switching on the laser, one can see the luminescence directly from the excitation spot, which looks white due to the overexposure of the camera. Light is predominantly emitted in the UV and the green spectral regions. Directly around the excitation spot, the orange luminescence is visible. The rest of the sample is dark except for the green luminescence, which is scattered from the sample edges. At later times, the orange luminescence expands through the sample on a 100 ms time scale until the whole sample emits light in the orange spectral region. A PL intensity gradient of the orange luminescence from the excitation spot to the edges of the sample is visible. After turning off the laser, one can see a rather slow decay of the PL ͑Fig. 1 lower row͒. The transport phenomenon starts at T ജ 70 K, and gets faster with increasing temperature until it disappears at around 200 K.
The spectrum of the PL is shown in Fig. 2 . Directly in the excitation area we observe a green PL band with a maximum at about 2.35 eV, which is much stronger than the orange one. In the inset, the free and bound exciton luminescence in the interval 3.43 to 3.35 eV and up to four LO-phonon replicas of the free exciton, which indicate a high crystal quality, are shown. Outside the excitation area we detect a strong shift of the luminescence to the orange spectral region with a peak position of 1.97 eV. Since the PL from copper is modulated with LO-phonon replica, [8] [9] [10] we attribute the green PL of our sample predominantly to oxygen vacancies.
We describe the expansion of the orange luminescence with a diffusion model:
where n͑r , t͒ is the density of the mobile species relevant to the orange luminescence, D their diffusion constant, their recombination time, and g͑r , t͒ their generation rate. Outside the excitation spot, g͑r , t͒ vanishes. For two dimensions, the stationary solution of Eq. ͑1͒ outside the excitation spot for an infinite sample and the boundary condition n͑r͒ → 0 for r → ϱ is given by the modified Bessel function of the second kind Y 0 ͑−irr 0 −1 ͒ with r 0 = ͱ D. In Fig. 3 the measured PL intensity is plotted as a function of the distance from the excitation spot under stationary conditions ͑several seconds after turning on the laser beam͒. A fit to the PL profile yields r 0 Ϸ 0.2 cm. The differences between the measured and calculated data are possibly due to the finite sample dimensions. Figure 4 shows the time evolution of the orange luminescence at a temperature of 110 K for different distances r from the excitation spot. The PL is normalized to the maximum for clarity. In close proximity to the excited spot, the rise and the decay of the PL is steep, whereas it is slower and delayed for longer distances.
The solid lines in Fig. 4 are the numerically calculated solutions of Eq. ͑1͒ with a diffusion constant D = 0.4 cm 2 /s and a decay time = 0.1 s. The agreement of the measurement and the modeling is very good, so that it is likely a diffusive process which is causing the expansion of the orange luminescence. The observed diffusion constant D = 0.4 cm 2 / s is equivalent to a ͑drift͒ mobility = De / k B T Ϸ 40 cm 2 / V s, which is about one order of magnitude smaller than the Hall mobility of free electrons in the conduction band in ZnO at this temperature. 19 We will now discuss some possible mechanisms that could describe this unusual transport phenomenon, however, without being able to give a final answer. The first idea is that a Förster transfer 20, 21 is involved. A Förster transfer is based on a dipole-dipole interaction and is limited to distances on the order of 10 nm for the individual transfer step. Thus, the limited transfer efficiency makes it unlikely to cover millimeter distances. In addition, an expected redshift with the distance from the laser spot is not detected. There is also no reason that this process should not be observed at low temperatures. Similar arguments hold for a Dexter process.
A better candidate is a thermally activated hopping process. Bound electrons or holes are thermally activated and reach the band edge or some defect bands and will be trapped again after some diffusion distance. This would describe the spatial expansion and the thermal activation of the phenomenon.
Hopping with intermediate capture could explain the order of magnitude lower mobility deduced from the diffusion model compared to the Hall mobility of free electrons. Furthermore, the thermally activated hopping transport explains the absence of the effect at T ഛ 70 K and the increasing speed of expansion mentioned earlier. An interpretation based on an analogous hole transport phenomenon could also be possible, but is less likely since ZnO is usually slightly n-type. An alternative interpretation would be in terms of electron transport within an impurity band. A diffusion model of only one type of carriers faces the problem that gradually space charges should build up, which hampers the diffusion, while it is difficult for an ambipolar diffusion to explain the long lifetimes of carrier pairs because ZnO is a direct gap semiconductor with exciton lifetimes typically in the ͑subnanosecond͒ range. 22 Further research will be carried out to clarify the origin and the spatial dynamics of the orange luminescence, and to deduce the role of the temperature and of the excitation intensity for the transport phenomena. It will also be necessary to deduce the kind of recombination centers that are involved in this luminescence phenomenon.
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